Novobiocin is a clinically useful antibiotic possessing unique structural features that have stimulated interest in the mechanism of its synthesis. Novobiocin consists of a noviose sugar (C ring), a coumarin moiety (B ring), and a substituted benzoic acid moiety (A ring) linked by a glycosidic and an amide bond (Fig. 1) .
The derivation of noviose directly from D-glucose and two methyl groups derived from L-methionine was shown by Birch et al. (2, 3) . The origin of the coumarin moiety was shown to be from tyrosine by Brenton et al. (4) and Chambers et al. (6) . The studies presented in this paper have been directed at showing the biochemical sequence for the synthesis of the individual ring systems and the method by which ring linkage occurs. Studies were also carried out to determine the mode of cellular regulation of novobiocin biosynthesis and the occurrence of the rate-limiting steps during antibiotic formation. Parts of this study have been published previously in preliminary form (16; Kominek, Abstr. 152nd Meeting Amer. Chem. Soc., New York, 1966) .
MATERIALS AND METHODS
Organism and cultural conditions. Streptomyces niveus strain BC-345 was used throughout these studies as the novobiocin-producing strain. The nonproducing mutant S. niveus FD-1161 was obtained from the Boots Pure Drug Co. Ltd. in England. All other nonproducing mutants of this organism were obtained from B. W. Churchill of our laboratories.
The organisms were maintained on agar slants consisting of the following: glucose, 10 g; brewers yeast, 10 g; distillers solubles, 5 g; KCI, 4 g; CaCO3, 1 g; agar (Difco), 20 g; and tap water to 1,000 ml. No pH adjustment was necessary. Spores from these slants were suspended in distilled water and used as the inoculum for a seed medium of the following composition: glucose, 10 g; beef extract, 3 g; NZ Amine B, 10 g; and distilled water to 1,000 ml. The inoculated medium was incubated at 28 C on a reciprocating shaker for 72 hr.
The fermentation medium used is a slightly modified form of that described by Owen for novobiocin synthesis (Owen, Proc. 8th Int. Congr. Microbiol., Montreal, Canada, 1962) . The chemically defined (CDM) fermentation medium consisted of the following: glucose, 30 g; sodium citrate, 6 g; L-proline, 6 g; K2HPO4, 2 g; (NH4)2S04, 1.5 g; NaCl, 5 g; MgSO4, 1 g; CaCl2, 0.4 g; FeSO4-7H20, 0.2 g; ZnSO4 7H20, 0.1 g; and distilled water to 1,000 ml; pH adjusted to 7.2. The glucose was sterilized separately and added aseptically prior to inoculation.
This medium was inoculated with 5%70 of the seed medium and incubated at 28 C on a rotary shaker. All media and media components were sterilized by autoclaving at 121 C at 15 psi for 20 min.
The inoculum for the fermentation medium was blended for 3 min in a sterile Waring Blendor prior to addition. The use of blended and unblended inoculum is compared in Fig. 2 with respect to growth and novobiocin production. Blending of the seed culture decreases the fermentation time required to reach maximal growth. The process of blending results in higher cell yields and increased antibiotic titer.
Increasing the size of the unblended inoculum also decreases the length of the growth period and increases antibiotic titers. However, increasing the size of the unblended inoculum up to threefold does not result in comparable growth or novobiocin titers found with blended inoculum of normal size.
The primary effect of blending is probably to increase drastically the effective size of the inoculum, i.e., the production of more active growth centers. (18) .
Determination of novobiocin and novobiocic acid by a spectrophotometric UV assay. The rapid method used to determine novobiocin in fermentation beers is based on the ultraviolet (UV) absorbance of novobiocin in n-butyl acetate at 338 nm, described by Smith et al. (24) . The assay is sensitive, simple, and rapid but not completely specific since novobiocin-related compounds such as decarbamylnovobiocin, isonovobiocin, etc. also respond to this assay. Therefore, data in which novobiocin is used as a parameter determined by UV assay include novobiocin and other novobiocin-related compounds. When specificity was of concern, the paper chromatographic assay was used.
The UV assay for novobiocic acid is analogous to that used for novobiocin except when the coumarin moiety (B ring) is present in the sample to be analyzed. In the latter instance, the B ring interferes and a two-component equation is used to correct for this interference. The concentration of novobiocic acid in the presence of the B ring can be calculated by use of the following equation derived from the absorptivities of novobiocic acid (a360 = 42.70; a310 = 25.81) and the B ring (a360 = 3.46; a310 = 13.05): novobiocic acid (cug/ml) = (27.89 A360 -7.39 A310) X dilution factor.
Determination of novobiocin, novobiocin precursors, and novobiocic acid by paper chromatographic assay.
Samples to be analyzed by the paper chromatographic method were extracted into butyl acetate at pH 6.5, the solvent was evaporated, and the residue was redissolved in acetone. Whatman no. 4 or 20 paper dipped in ethylene glycol containing 2% of 85% lactic acid was the stationary phase. The mobile phase consisted of isopropyl ether saturated with ethylene glycol. The sample dissolved in acetone was spotted so that each spot contained about 75 jug of novobiocin or novobiocin-related material. The chromatograms were developed by the descending method for ca. 16 hr at 28 C and dried. Contact prints were made to identify the UV-absorbing components. The absorptivities at 324 nm and the order of polarity of these various compounds from more polar to less polar is as follows: O-demethylnovobiocin (40.0), O-demethyldecarbamylnovobiocin (42.6), novobiocin (39.9), isonovobiocin (39.9), decarbamylnovobiocin (42.5), and novobiocic acid (51.9). Whatman no. 4 paper was used to develop novobiocin and the more polar compounds, and Whatman no. 20 paper was used for separation of isonovobiocin and other less polar compounds. After chromatographic separation had been achieved, the proper UV-absorbing spots were cut from the paper and eluted with 10 ml of acidic methanol (0.002 N H2S04).
The absorbance of the eluate was read at 324 nm with the eluate from a blank channel of paper as reference. The concentration of the compound measured was determined from the absorbance reading at 324 nm and its absorptivity.
Radiochemical determinations. The ability of cells harvested at different times during the fermentation to oxidize citrate, acetate, or succinate was determined in the following manner. Erlenmeyer flasks were fitted with a center well capable of holding a vial (9 by 30 mm) which contained 1.0 ml of C02-trapping solution (2-aminoethanol-2-methoxyethanol, 1:2, v/v). The reaction mixture containing the labeled compound to be tested was placed in the flask, and 1.0 ml of a washed-cell suspension was added. The flask was immediately sealed with a serum stopper and incubated on a rotary shaker at 28 C for the desired time period. The reaction was terminated by the addition of 1.0 ml of 72% perchloric acid introduced into the flask through the serum stopper from SYNTHESIS OF NOVOBIOCIN BY S. NIVEUS a syringe needle. After mixing, the flask was allowed to stand for 3 hr to insure quantitative transfer of carbon dioxide to the trapping solution. The radioactivity of "4CO2 in the trapping solution was then measured by a procedure similar to that described by Jaffrey and Alvarez (15) .
Incorporation of 14CO2 into novobiocin was determined by extracting samples of beer in the same manner described for the UV assay of novobiocin.
Potassium phosphate buffer, pH 6.5, 1.0 M (10 ml), was added to a 10-ml beer sample and extracted with 25 ml of butyl acetate. A sample (15 was utilized prior to proline. By using deoxyribonucleic acid synthesis as a measure of growth, it is apparent that the organism exhibits a diauxic type growth with a lag occurring after citrate and inorganic nitrogen exhaustion, and before initiation of glucose and proline utilization and novobiocin synthesis. Table 1 shows that increasing the concentration of (NH4)2SO4 in the culture medium resulted in interference with the utilization of glucose and proline and the production of novobiocin. No effect on citrate utilization was observed. Omission of citrate, (NH4)2SO4, or proline as shown in Table 2 resulted in greatly reduced growth and novobiocin production. Omission of (NH4)2SO4 from the medium and increasing the concentration of proline to 9 g/liter to account for the loss in nitrogen resulted in almost identical curves of the parameters measured in Fig. 3 , except that proline was utilized during the initial stages of growth. These results indicate that the shift in nitrogen metabolism is not solely responsible for the diauxic growth curve exhibited in Fig. 3 .
The effect of substituting other organic acids for citrate in the medium is shown in Table 3 .
Replacing citrate with malate, succinate, or fumarate resulted in growth and novobiocin production at greater than 80% of the maximum achieved with citrate. The same biochemical profile was produced by these three compounds as was indicated in Fig. 3 The results show a requirement for Krebs cycle acids during the initial stages of growth.
An interesting phenomenon occurred when these Krebs cycle acids were added on or after the fourth day of the fermentation ( Figure 4 illustrates the ability of whole washed cells harvested from the fermentation medium to utilize citrate, succinate, and acetate. Cells were harvested, washed, and resuspended in the indicated medium at 24-hr intervals, and the specific rate of oxidation of the respective '4C-labeled compounds was determined by measuring the rate of '4CO2 evolution. The ability to oxidize all three compounds increased during the initial stages of growth and reached a maximum on the second day of the fermentation. The ability to oxidize these three compounds decreased at a point that corresponded to the lag in the growth curve. The ability to oxidize succinate and acetate subsequently increased and then gradually declined in activity throughout the remainder of the fermentation. However, the ability to oxidize citrate was not recovered, and citrate oxidation was reduced to a low level after the fourth day of the fermentation, presumably because of a permeability barrier since the oxidation of acetate and succinate continues after this time. The results indicate a common mode of inhibition of glucose utilization and novobiocin synthesis by the tricarboxylic acid cycle acids tested. The ability of citrate to function as a strong inhibitor that is exerted after the lag period in the growth phase is due to its function as a strong chelating agent and its lack of permeability at this time.
Proximal intermediates in the biosynthesis of novobiocin. A number of novobiocin-like compounds which accumulate during a typical fermentation of S. niveus have been isolated and identified. These include O-demethyl-decarbamylnovobiocin, decarbamylnovobiocin, and isonovobiocin (13, 14) . Another compound found to accumulate in S. niveus fermentations has been tentatively identified as O-demethylnovobiocin by H. K. Jahnke of our laboratories. The structures of these compounds are shown in Fig. 5 . All of these compounds are antibiotically inactive and differ from each other only in the sugar moiety. Figure 6 illustrates the accumulation of novobiocin and novobiocin-like compounds during a typical fermentation of S. niveus (BC-345). The accumulation of novobiocin and isonovobiocin are linear and almost parallel after the fourth day of the fermentation. Since novobiocin has been shown to isomerize to isonovobiocin in aqueous solution, by W. J. Haak of our laboratories, the isonovobiocin accumulation is probably due to a nonenzymatic equilibrium. On (FD-1161) . The compounds listed in Table 6 were added to the growth medium at 4 days, and the results reported were taken from samples removed on the seventh day of the fermentation. In all cases, the additions had no Samples taken on seventh day of fermentation and subjected to UV assay and quantitative paper chromatographic (PPG) assay. PPG results expressed as percentage of concentration which was determined by UV assay.
b Z iS unknown compound whose position on paper chromatograph suggests it is iso-O-demethylnovobiocin. Percentage of this compound was calculated by use of the absorptivity for O-demethylnovobiocin. The origin of the carbamyl group of novobiocin from carbon dioxide is indicated by the following experiments. NaHl"CO3 was added to a typical fermentation on the third day after inoculation. On the seventh day of the fermentation, a sample of whole beer was assayed for incorporation of 14C02 into the carbamyl group of novobiocin. The results are shown in Table 7 .
S. niveus (BC-345), the novobiocin-producing strain, is shown to readily incorporate C02 into novobiocin. S. niveus (BC-384), a mutant blocked in carbamylation, shows only one-tenth as much incorporation of C02 into butyl acetate-extractable material as the BC-345 strain. S. niveus (FD-1161), a mutant unable to produce novobiocin or any of its precursors, does not show any significant incorporation into the butyl acetate-extractable material. This strain has been shown to convert added decarbamylnovobiocin to novobiocin (see Table 6 ). When decarbamylnovobiocin was added at the same time as NaH"4COQ to the fermentation, a significant amount of 14CO2 was incorporated into butyl acetate-extractable material. In all cases, the butyl acetate extracts were subjected to paper chromatography, and the spot corresponding to novobiocin was eluted and counted in diotol counting solution. In all cases, the spot corresponding to novobiocin contained >90% of the radioactivity found by counting the whole butyl acetate extract. Therefore, these data indicate that the carbamyl group of novobiocin originates from carbon dioxide.
The results of testing several compounds as possible precursors of novobiocin is illustrated in Fig. 7 . These experiments were also performed to determine whether the formation of a particular segment of the novobiocin molecule was limiting the rate of its synthesis as a whole. Addition of the A and B rings of novobiocin to the indicated system resulted in an apparent increase in the rate of novobiocin synthesis when analyzed by the UV assay. Paper chromatographic analysis showed that all of the material produced was novobiocic acid. The addition of the A or B ring singly showed no stimulation.
Addition of the B ring and 4-hydroxybenzoic acid again resulted in an increase in the rate of novobiocin production by UV assay, but in this case paper chromatographic analysis confirmed that all of the material produced was novobiocin. The addition of 4-hydroxybenzoic acid alone or novobiocic acid has no effect on the rate of novobiocin synthesis.
These data indicate that 4-hydroxybenzoic acid is an intermediate or is readily converted to an intermediate in the synthesis of the A ring, since it increases the rate of novobiocin formation when added with the B ring. The results also indicate that the A and B rings are the limiting commodities in the coupling of the ring systems. The rates of their synthesis must be approximately equal, since the A or B ring added singly does not result in the accumulation of novobiocic acid.
The formation of novobiocic acid, but not of novobiocin, when the A and B rings are added together indicates that the formation of the amide bond takes place rapidly and that this reaction does not result in a rapid formation of novobiocin from the added intermediates. Furthermore, the addition of novobiocic acid does not increase the rate of novobiocin synthesis, indicating that the attachment of the C ring to novobiocic acid does not occur at a rapid rate. These results indicate that the formation of novobiocic acid is not the initial reaction involved in the coupling of the ring systems.
The FIG. 9. Level of novobiocic acid synthetase in cells of increasing age. Cells were harvested at the indicated time intervals from a normal fermentation, and cellfree extracts were prepared. Protein concentration varied from 3.0 to 3.6 mg/ml. The rest of the reaction mixture consisted of. A ring (sodium salt), 2 ,umoles/ml; B ring, 2 ,umoles/ml; adenosine triphosphate, 5 ,imoles/ml; tris(hydroxymethyl)aminomethane, pH 9.0, 0.2 M; and water. Incubation temperature was 30 C. Samples were taken at 1-min intervals over a 5-min period and analyzed for novobiocic acid by the spectrophotometric UV assay. demonstrated in cell-free extracts of S. niveus (BC-345). The reaction requires adenosine triphosphate, which indicates that an activation of the carboxyl group of the A ring is involved. The optimal pH for activity was 9.0. The reaction product was identified as novobiocic acid by paper chromatography with authentic novobiocic acid. The reaction was found to be linear with respect to time and enzyme concentration (Fig. 8) .
The level of this enzyme in cells of increasing age was measured in cell-free extracts during the course of a normal fermentation (Fig. 9) . The specific activity of this enzyme increased rapidly during the first few days of the fermentation, reached a maximum on the fourth day of the fermentation, and declined in activity during the period of antibiotic accumulation in the medium.
The results indicate that the enzyme is induced or derepressed prior to the period of novobiocin accumulation. The decline in enzymatic activity corresponds to the time of nitrogen exhaustion from the medium. This decline suggests protein turnover with limited synthesis of enzyme. The decline in enzyme activity is not related solely to novobiocin synthesis but rather appears to be the result of a general reduction in metabolic activity, as shown previously in Fig. 4 .
A likely synthetic route for the formation of the A ring of novobiocin would be the linkage of 4-hydroxybenzoic acid with isopentenyl pyrophosphate, which is derived from mevalonic acid. Fimognari and Rodwell (8) have shown that deoxycholate inhibits mevalonic acid synthesis by virtue of its isosteric configuration with mevalonate at the 24 carboxy, 18 methyl, and 12 hydroxyl. Table 8 compares the effect of deoxycholate with two related compounds not possessing these isosteric qualities with mevalonate. Significant inhibition of novobiocin synthesis was noted at a deoxycholate concentration of 0.5 X 10-4 M, whereas no inhibition was seen with cholate and dihydrocholate at five times the concentration. Significant inhibition with cholate was not apparent below 3.5 X 10-4 M. Since mevalonate is a precursor of isopentenyl pyrophosphate, these observations lend support to the supposition that the A ring is formed from 4-hydroxybenzoate and isopentyl pyrophosphate.
DISCUSSION
Krebs cycle intermediates are required by S. niveus for growth in a chemically defined medium, and these acids are used in preference to glucose during the initial stages of the fermentation. As a result of this preferential use of Krebs cycle intermediates, the organism exhibits a diauxic growth curve. The requirement for Krebs cycle acids during the initial stages of the fermentation may be attributed to the induction of a functional tricarboxylic acid cycle or to the production via the cycle of essential amino acids required for growth, or to both.
The preferential use of citrate and other Krebs cycle intermediates in the presence of glucose has been demonstrated in a few bacterial species (10-12, 17, 20) . The Krebs cycle acids probably function as inhibitors or repressors of the glucose permease system or some of the enzymes concerned with glucose catabolism. Citrate was also shown to function as an inhibitor of glucose utilization late in the fermentation when the citrate originally present in the medium had been depleted. This phenomenon appears to be due to the loss of permeability to citrate after its exhaustion from the medium and the fact that citrate is a strong chelating agent. Therefore, this mode of inhibition is distinct from that generally exhibited by the Krebs cycle acids on glucose utilization.
Novobiocin synthesis differs in some respects from the production of other secondary metabolites whose characteristics have been reviewed by Bu'Lock (5), Demain (7) , and Weinberg (28) . Although a distinct production phase for novobiocin does exist, a significant portion of its production occurs during the rapid-growth phase associated with the initiation of glucose catabolism. The enzyme responsible for amide bond formation in novobiocin is derepressed during that growth phase and declines in activity after the cessation of growth. Therefore, a sharp distinction between growth (trophophase) and production (idiophase) phases for secondary metabolites is not apparent in novobiocin biosynthesis.
Birch et al. (2, 3, 9) have shown that the noviose moiety is derived directly from D-glucOse and that methionine contributes the 0-methyl and one-methyl of the gem dimethyl group to the noviose sugar. Bartoshevich (1) has shown that vitamin B12 is involved in the transfer of the methyl radical to the noviose and coumarin moieties of novobiocin.
Hexose conversions without scission of the carbon skeleton require epimerization about several carbon atoms and the reduction of a primary alcoholic group. This type of hexose conversion has been shown to take place as a nucleotide diphosphate sugar in a number of other deoxy sugars (21) . Phosphoglucomutase and uridine diphosphoglucose pyrophosphorylase have been demonstrated in cell-free extracts of S. niveus and could provide the initial steps in the conversion of glucose to noviose. The most likely intermediate to be formed from such a conversion prior to linkage of the ring systems would be uridine diphosphodimethyl-L-xylose. 
